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We report on an optical imaging design based on common-path off-axis digital holography, using
a multiplexed volume Bragg grating. In the reported method, a reference optical wave is made by
deflection and spatial filtering through a volume Bragg grating. This design has several advantages
including simplicity, stability and robustness against misalignment.
INTRODUCTION
The success of the Zernike phase-contrast mi-
croscope [1] has led to a number of subsequent
phase-imaging methods, including Nomarski differential
interference contrast microscopy [2] and Hoffman mod-
ulation contrast microscopy [3]. Those phase-contrast
methods merge brightness and phase information in
the recorded image. Later on, quantitative phase shifts
of an object wave beating against a reference wave
were measured by phase-contrast digital holography [4].
In digital holography, this phase is derived from the
measurement of spatiotemporal variations in intensity
of the interference pattern, digitized by a sensor array,
and digital image rendering by wave propagation com-
putation. Since then, holographic phase microscopy has
emerged as a powerful imaging technique for probing
quantitatively refractive index changes in transparent
samples [5]. Optical phase microscopy techniques
based on interferometric recordings and computational
image rendering have become widely available since
then [6–8], and have opened the way to tomographic
phase microscopy [9–13].
On-axis interferometry, the original Gabor configu-
ration for hologram recording [14], has the advantage
of being easilly realized experimentally, but lacks of
sensitivity [15] and might prevent accurate phase re-
constructions [16, 17]. In contrast, in off-axis recording
configuration [18], the average propagation directions of
the reference and the object optical waves, interfering
in the sensor plane, are slightly tilted. The spatial
spectrum of the hologram is shifted by a quantity
which scales as the average tilt angle. This tilt permits
the separation and discrimination of self-beating and
cross-beating interferometric contributions of the object
and the reference optical fields; spurious interferometric
contributions can be filtered-off [19], and phase imaging
can be performed straightforwardly [4]. In addition,
the optical pathes of light impinging on the sensor can
have either both probed the sample in common-path
configurations or taken different pathways in separate
arms configurations. Common-path interferometry
configurations, for which both waves travel the same
pathways (quasi-)through the sample [20–23] prevent
phase noise from pathlength fluctuations of the reference
beam decorrelated from the object beam, mode hops,
and increase the overall stability of the interferogram.
A significant improvement of off-axis interferometry
with short coherence radiation was achieved by the use
of diffraction gratings to tilt the coherence plane with
respect to the direction of propagation of the reference
wave, so that cross-interference patterns cover all the
detector array [24–30].
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FIG. 1: Sketch of the experimental setup. A phase object
is illuminated in transmission configuration, and the output
field is partly deflected and filtered by a multiplexed volume
Bragg grating to create an off-axis reference beam interfering
with the object beam on a sensor array.
We propose here a new simple off-axis digital
holographic microscopic scheme inspired by 1- point-
diffraction interferometry approaches [31–33], and their
refinements [34–37], in which a reference optical wave is
formed by spatial filtering of a replica of the object wave.
2- off-axis implementations of phase-contrast digital holo-
graphic microscopy [4, 21, 38–40], 3- lateral shearing in-
terferometry [41, 42], 4- the angular filtering properties of
volume Bragg gratings [43, 44], recorded in the volume of
doped glasses with photothermorefractive processes [45],
and 5- an implementation of volume Bragg gratings for
2obtaining digital holograms in a self-reference configura-
tion in a conventional microscope [46]. In the reported
design, a reference optical wave, suitable for off-axis holo-
graphic interferometry is made by deflection through a
volume Bragg grating.
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FIG. 2: Deflection and filtering of the optical field E by vol-
ume Bragg gratings. The light deflected by 2θB ∼ λ/Λx
and/or 2ϑB ∼ λ/Λy is filtered spatially. The kx content of
the output field E10 is lowpass filtered with an angular selec-
tivity ∆θ1 ∼ n0Λx/d. The ky content of the output field E01
is lowpass filtered with an angular selectivity ∆ϑ1 ∼ n0Λy/d.
The (kx, ky) content of the output field E11 is lowpass filtered
with an angular selectivity (∆θ1,∆ϑ1). The non-deflected
beam E00 has an angular bandwidth (∆θ0,∆ϑ0); it is not
filtered.
EXPERIMENTAL SETUP
Optical configuration
In the experimental setup sketched in Fig. 1, a micro-
scopic object is illuminated in transmission by a laser
(Crystalaser DL660-100, wavelength λ ∼660 nm, coher-
ence length 0.3 mm). The transmitted object field can be
magnified by a microscope objective or merely occulted
partially by a pupil, before passing through a diffractive
optical element, and impinges on the sensor array of a
camera (Ximea MQ042MG-CM, array size: 2048×2048
pixels, pitch: 5.5µm). In the absence of microscope ob-
jective, the angular bandwidth (∆θ0,∆ϑ0) of the object
field E00 impinging on the sensor array is limited by the
aperture stop of the system, which can either be a pupil
introduced between the object and the sensor, or the sen-
sor itself. In the former case, ∆θ0 ≈ ax/l, and ∆ϑ0 ≈
ay/l, where ax and ay are the aperture dimensions in the
x and y directions, and l is the object-to-pupil distance.
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FIG. 3: Angular wavevector (kx, ky) representation of the
transmitted beams, in the Fourier plane of the exit face of the
volume Bragg gratings. The angular bandwidth (∆θ0,∆ϑ0)
of non-deflected optical field E00 is limited by the pupil
and measured between the marginal rays touching its edges.
The boundaries of the angular field of the detection are the
Nyquist angles (±θS/2,±ϑS/2), and its extent is the angular
acceptance of the coherent detection (θS, ϑS). The shift and
angular bandwidth of the fields E10 and E01 deflected by the
first and second regular gratings of Fig. 2 are represented.
Those fields are allowed to pass when one of the Bragg condi-
tions is not met with the multiplexed grating (Fig. 2, bottom)
but their presence is cancelled when both Bragg conditions
are fulfilled. In that case, the reference field E11 is deflected
by (2θB, 2ϑB) with respect to the object beam, and low-pass
filtered within the angular width (∆θ1,∆ϑ1) of the Bragg
diffraction efficiency function [47].
In the latter case, ∆θ0 ≈ Dx/L, and ∆ϑ0 ≈ Dy/L, where
Dx and Dy are the sensor dimensions in the x and y
directions, and L is the object-to-sensor distance. If a
microscope objective is present, the angular bandwidth
of the object field is limited by the numerical aperture
NA of the objective : ∆θ0 = ∆ϑ0 = 2 arcsin(NA). A
usual method to engineer a reference optical wave suit-
able for off-axis holographic interferometry from the ob-
ject wave itself consists in reducing the spatial frequency
content of the latter by low-pass filtering of the trans-
verse projections of the transmitted angular wavenum-
bers (kx, ky) with a pinhole [31, 34, 48, 49], or by defocus
by curved mirrors [50], a spatial light modulator [51], or
lenses [22, 52, 53].
Angular filtering by a multiplexed Bragg grating
In our novel approach, a reference optical wave is
made by deflection at the Bragg angle through a mul-
tiplexed grating. For this purpose, a transmission vol-
3ume Bragg grating created by double interferometric ex-
posure in a photothermorefractive glass was realized by
OptiGrate [45, 54]. It displays a periodic change in the
refractive index n of the form
n(x, y) = n0 + n1 sin
(
2pix
Λx
)
+ n2 sin
(
2piy
Λy
)
(1)
where n0 = 1.498 is the average refractive index of
the glass, and n1 = n2 ∼ 1.4 × 10
−5 is its mod-
ulation depth in each transverse direction, x, and
y. It acts as a superposition of two perpendicular
phase gratings, sketched in Fig. 2. The thickness of
the multiplexed grating is d = 8.9mm. The grating
periods are Λx = 18.9µm, and Λy = 18.3µm. The
relative diffraction efficiency (for plane waves, when the
Bragg condition is fulfilled) of the horizontal and the
vertical grating are |E01|
2/(|E00|
2 + |E01|
2) = 0.56, and
|E10|
2/(|E00|
2 + |E10|
2) = 0.55.
The Bragg condition defines the angle of deflection of
a given input beam. For an unslanted grating, in the
configuration sketched in Fig. 2, we have
2 sin(θB) =
λ
Λx
and 2 sin(ϑB) =
λ
Λy
(2)
where Λx and Λy are the grating periods. The spatial fil-
tering properties of transmission volume Bragg gratings
constrain the degree of collimation of the input beam al-
lowed to be deflected by twice the Bragg angles. The
angular efficiency, defined by the grating angular diffrac-
tion efficiency [47] sets the angular support ∆θ1 and ∆ϑ1
of the deflected fields in x and y respectively, given by
∆θ1 ≈ n0
Λx
d
and ∆ϑ1 ≈ n0
Λy
d
(3)
where n0 is the average refractive index of the material,
and d is the thickness of the grating [43, 44]. When
both Bragg conditions are fulfilled for the multiplexed
Bragg grating (Fig. 2(c)), the input angles of the object
beam are θB and ϑB, the deviation angles of the first
diffraction orders are predicted by Bragg’s law (Eq. 2),
and only low spatial frequencies kx ∈ [−k∆θ1/2, k∆θ1/2]
and ky ∈ [−k∆ϑ1/2, k∆ϑ1/2] are allowed to pass in the
deflected beam, yet the spatial frequency content of the
non-deflected beam is unaffected by transmission through
the grating. The angular representation of the corre-
sponding optical fields, E00 and E11 respectively, are re-
ported in Fig 3. The shift and angular bandwidth of the
fields E10 and E01 deflected by the first and second reg-
ular gratings of Fig. 2 are also reported in Fig 3. The
spatial filtering property is the key to the realization of
the tilted reference wave in common-path transmission
interferometric configuration. With the chosen grating
thickness of d ≃ 9mm, this angular filter of acceptance
∆θ1 = ∆ϑ1 ≃ 3.3mrad is equivalent to the angular se-
lectivity ∼ D/f ≃ 3.3mrad of a pinhole of diameter
D = 330µm, set in the focal plane of a converging lens
of focal length f = 10 cm in a point-diffraction interfer-
ometer [31–33]. The choice of grating periods Λx and
Λy is dictated by the NyquistShannon sampling theorem
: the deflection angles of the propagation directions of
E11 and E00 have to satisfy 2θB ∈ [−θS/2, θS/2], and
2ϑB ∈ [−ϑS/2, ϑS/2] where
θS ≈
λ
dx
and ϑS ≈
λ
dy
(4)
are the angular acceptances of the coherent detection on
an array detector [55], with pixels spaced by dx and dy
along x and y, respectively. The pixel pitches of the
camera used in the experiments are dx = dy = 5.5µm.
Eq. 2, Eq. 3, and Eq 4 are valid for small input and
output angles, in the paraxial approximation [47]. In
order to achieve typical off-axis detunings between the
object and the reference waves, deflection angles have to
be about one half of the Nyquist angles θS/2 and ϑS/2
typically, and hence satisfy the relations 2θB ∼ θS/4, and
2ϑB ∼ ϑS/4, which impose grating periods of Λx ∼ 4dx
and Λy ∼ 4dy.
Experimental validation of angular filtering and
deflection by a multiplexed Bragg grating
To illustrate the spatial filtering properties of the
Bragg orders, we placed a converging lens between the
grating and the sensor array to form the image of the
resolution target in the detection plane. In Fig. 4(a), the
Bragg condition is not met for any beam direction, only
the non-deflected beam (field E00) is transmitted. The
angular bandwidth of the object field E00 is completely
transmitted through the grating, and spatial frequencies
are bounded by (k∆θ0, k∆ϑ0), as sketched in Fig. 3. In
Fig. 4(b), the Bragg condition is met only for θ tilt (x
direction); the non-deflected beam (field E00) and the
beam deflected by 2θB (field E10) are transmitted. The
angular bandwidth of the deflected field E10 is reduced.
Its spatial frequencies are bounded by (k∆θ1, k∆ϑ0), as
sketched in Fig. 3. Hence, horizontal bars of the deflected
image are no longer visible. In Fig. 4(c), the Bragg condi-
tion is met only for ϑ tilt (y direction); the non-deflected
beam (field E00) and the beam deflected by 2ϑB (field
E01) are transmitted. The angular bandwidth of the de-
flected field E01 is reduced. Its spatial frequencies are
bounded by (k∆θ0, k∆ϑ1), as sketched in Fig. 3. Hence,
vertical bars of the deflected image are no longer visible.
When the Bragg condition is fulfilled for both directions,
the non-deflected beam E00, the deflected and spatially-
filtered beams E10 and E01 are transmitted, as reported
in Fig. 4(d). A fourth beam, deflected both in θ and ϑ by
2θB and 2ϑB respectively is transmitted (field E11). The
angular bandwidth of the deflected field E11 is reduced.
Its spatial frequencies are bounded by (k∆θ1, k∆ϑ1), as
4(b)(a) (c)
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FIG. 4: Experimental images of the target recorded for dif-
ferent tilt angles of the thick Bragg grating, obtained with a
physical lens. Bragg conditions (Eqs.2) not satisfied (a), sat-
isfied only for θ (b), satisfied only for ϑ (c), satisfied for both
θ and ϑ (d).
sketched in Fig. 3. Hence, both horizontal and vertical
bars of the deflected image are no longer visible.
OFF-AXIS HOLOGRAM RECONSTRUCTION
Fresnel transformation
Holograms were reconstructed by Fresnel transfor-
mation [56–63]; in practice, we used the software
Holovibes [64] for real-time hologram rendering, which
performed image rendering of complex-valued holograms
H(x, y, t) from the stream of rescaled interferograms
I(x, y, t)
H(x, y, t) =
i
λz
exp (−ikz)
∫∫
I(x′, y′, t)
× exp
[
−ipi
λz
(
(x− x′)2 + (y − y′)2
)]
dx′dy′ (5)
The parameter z is the reconstruction distance for which
the image of the target appears on the magnitude of the
hologram |H |. The interferometric contributions in the
interferogram plane that create fringe sets (Fig. 5(a),
and Fig. 5(b)) are separated in the Fourier reciprocal
plane (Fig. 5(c)) and the hologram reconstruction plane
(Fig. 5(e)).
Amplitude imaging
In order to record holographic interferograms, we re-
moved the lens between the grating and the sensor array,
and we increased the aperture stop of the system to widen
the lateral extension of the deflected fields, and make the
four contributions interfere in an overlapping region cov-
ering most of the sensor area, as shown in the experi-
mental interferogram displayed in Fig. 5(a). A zoomed
view in the region of interest depicted by the box, show-
ing the juxtaposition of horizontal and vertical fringes,
is reported in Fig. 5(b). When the Bragg conditions are
fulfilled for both directions, angular spectra of E10, E01,
and E11 are filtered by the Bragg grating angular selec-
tivity, as sketched in Fig. 3. The total transmitted field
is the sum of four components forming an interferogram
on the sensor array I = |Et|
2, where
Et = E00 + E10 + E01 + E11 (6)
Each set of fringes corresponds to the interference be-
tween couples of field components, except self-beating
contributions. The reconstructed hologram H by lin-
ear Fresnel transformation (Eq. 5) shifts those contri-
butions according to this fringe structure. The spatial
Fourier transform F{I} of the interferogram I displayed
in Fig. 5(a) takes the form
F{I} = Et ∗ E
∗
t (7)
where ∗ is the spatial convolution product. For the
sake of notation simplicity, the fields E either refer
to distributions in the sensor plane, or at the exit
face of the volume Bragg grating, or their reciprocal
planes. The magnitude |F{I}| is displayed in loga-
rithmic scale in Fig. 5(c), on which one can see nine
diffraction locations of the 16 interferometric terms.
A sketch of the 16 interference terms locations in a
reciprocal plane of the interferogram is reported in Fig. 6.
Among the 16 interferometric terms of F{I}, the term
E00 ∗ E
∗
11 highlighted in Fig. 5(e), and displayed in
Fig. 5(d), and its complex conjugate E∗00 ∗E11 are shifted
in opposite corners of the reconstructed hologram, and
used as off-axis holograms. These contributions are the
result of the interference between the transmitted field
E00, and the field of reduced angular support in both
directions (x, y) E11 which acts as a flattened reference
5(b)(a)
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FIG. 5: Amplitude contrast target. (a) Recorded interfero-
gram I , where the shadow delimiting the edges of the diffrac-
tion grating is cast. (b) Magnified view of the fringes in the
highlighted region in (a). (c) Amplitude distribution in the
Fourier plane |F{I}| (log. scale). (d) Magnified view of the
off-axis area of the magnitude of the hologram |H | displayed
in (e). Amplitude distribution of the Fresnel transform of the
interferogram (a), at the distance 0.216 m (e).
wave. In the remaining corners, the beating contribu-
tions E10 ∗ E
∗
01 and E
∗
10 ∗ E01 are present. These terms
are the result of the beat between transmitted and partly
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FIG. 6: Sketch of the 16 interference terms locations in the
Fourier plane of the interferogram.
filtered fields in the horizontal and vertical directions. In
the four sides, the beating contributions E10 ∗ E
∗
01 and
E∗10 ∗ E01 are present. These terms are the result of the
beat between transmitted and partly filtered fields in the
horizontal and vertical directions.
Phase imaging
In order to obtain phase images, holograms were pro-
cessed to remove artifacts generated by the off-axis con-
figuration [65] and the phase curvature [66] of the ref-
erence wave. The interferometric order E00 ∗ E
∗
11 was
selected and re-centered in the Fourier space while the
rest of the Fourier components were cropped out [4, 65].
These operations allowed for the removal of signal corre-
sponding to other interferometric contribution and also of
the off-axis phase tilt. A Fresnel transformation (Eq. 5)
was carried out onto the interferograms acquired in the
presence [Fig. 7(a)] and absence [Fig. 7(b)] of target. The
phase image reported in Fig. 7(g) is the difference be-
tween the phase of the reconstructed holograms acquired
with [Fig. 7(e)] and without [Fig. 7(f)] target. The accu-
racy of the phase measurement might be hindered by a
not perfectly flat reference wave in the reported results.
CONCLUSIONS
In conclusion, the reported off-axis common-path holo-
graphic interferometer design performs spatial filtering
with a multiplexed volume Bragg grating, which makes
it suited to the detection of optical absorption and index
variations. The described interferometer is lensless, and
6(a) (b)
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FIG. 7: Image rendering process. Central region of the inter-
ferogram acquired, with (a) and without target (b). Ampli-
tude of the holograms reconstructed in the object plane, with
(c) and without target (d). Phase of the holograms recon-
structed in the object plane, with (e) and without target (f).
(g) Difference of the phase holograms (e) and (f).
may be adapted to microscopic imaging. Lateral reso-
lution, robustness against vibration and aberration, spa-
tiotemporal coherence requirements of the radiation and
accuracy of phase imaging might be further investigated.
The reported results made use of one thick grating; al-
ternatively, the use of two thinner multiplexed gratings
could result in the same deflection and filtering proper-
ties [67].
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